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ABSTRACT 
Nowadays the control of sewage is still expensive and time-consuming because of the needed laboratory 
tests. In this paper the construction of a simple design of a Microbial Fuel Cell without cation exchange 
membrane and air cathode is carried out.  
 
In total, four cells were built, divided into two replicas for the two samples to analize in this experiment. 
These are the wastewater before being treated by a waterlands scaled plant and the sewage outcoming 
from this wastewater treatment. The cells, contained in a compact box were attached to the waterlands 
and connected to a datalogger registering all the time the reads of difference of potential created 
between the anodic and cathodic part. 
 
The goal of this study is to prove if this alternative can be useful to describe the state of a wastewater by 
means of voltage (order of hundreds of millivolts). For the first time, the ascending relation between COD 
and voltage with a continuous scheduled feeding with real wastewater is suggested. Moreover, other 
parameters such as sulfates concentration, pH, conductivity and solids tests are intended to be related 
with this output obtained by the cells. 
 
The logs of the cells were treated with a well-defined procedure in order to be effectively related with the 
laboratory tests results that were done to relate values of each variable. All in all, the results are 
presented with illustrative plots, where the reader can easily see when some of the named wastewater 
parameters vary, somehow the voltage does the same with a defined or not pattern. 
 
In conclusion, a linear ascending relation between COD and voltage was found just for the outcoming 
wastewater, meanwhile for the incoming one it was declining. There is also a perceptible increasing 
relation not linear between amount of total suspended solids in a sewage and the voltage read produced 
in the cells. For the other parameters, the results are poor and need further analysis of samples and also a 
better experience in the maintenance of the microbial fuel cells. 
 
  
 
 
Pil·les microbianes sense membrana intercanviadora de cations per a una evaluació semicontínua de 
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RESUM 
En l’actualitat el control de les aigües residuals continua sent una tasca cara en termes econòmics i que 
requereix de molt de temps per ser duta a terme. En aquest article s’exposa la construcció d’un disseny 
simple d’una pil·la microbiana sense membrana intercanviadora de cations i càtode en contacte amb 
l’atmosfera. 
 
En total es varen construir quatre pil·les, de les quals dues són rèpliques per analitzar l’aigua residual 
abans de ser tractada per una planta d’aiguamolls pilot. Les altres dues són rèpliques per analitzar l’aigua 
a la sortida dels aiguamolls. Les pil·les, contingudes en una solució compacta en forma de caixa foren 
situades a les immediacions dels aiguamolls en conjunció amb un datalogger mesurava el voltatge 
continuament entre la part catòdica i anòdica de les pil·les. 
 
L’objectiu de l’estudi és provar si aquesta alternativa pot ser útil per descriure l’estat d’unes aigües 
residuals en termes de voltatge, que és de l’ordre de centenar de milivolts. Per primera vegada, la 
coneguda relació creixent entre DQO i voltatge mesurat per una pil·la microbiana es vol veure si també es 
compleix en un experiment amb alimentació contínua programada i amb aigua residual real, no sintètica. 
A més a més, altres paràmetres també seran relacionats amb el voltatge com ara concentració de sulfats, 
conductivitat, pH i sòlids. 
 
Els registres de lectures de diferència de potencial creat en les pil·les  va ser tractat amb un procediment 
clar i entenedor per tal de ser efectivament relacionats amb els paràmetres d’interès per l’estudi. Amb 
tot, els resultats són presentats en forma de gràfiques on el lector pot fàcilment interpretar si existeix 
alguna relació entre els descriptors de les aigües residuals i el voltatge. 
 
En conclusió, la relació lineal creixent entre DQO i voltatge fou demostrada solament per l’aigua 
analitzada a la sortida dels aiguamolls, mentres que per l’altra el resultat fou el contrari de l’esperat. 
També s’observa una relació creixent entre la quantitat de sòlids i el voltatge enregistrat, sent creixent 
però no és lineal. Per tots els altres paràmetres objecte d’estudi, els resultats són pobres i difícils de 
relacionar. Es requeriria d’un estudi amb més mostres així com també es planteja la necessitat d’entendre 
millor el manteniment que cal realitzar a les pil·les. 
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1 Introduction 
 
Traditionally the monitoring of wastewater is done in laboratories with specific tests for each 
parameter that is expensive and time consuming. Hence, the result is obtained with some delay, and 
so it would be a possible solution or actuation for slowing down the effects of an excessive water 
pollutants. 
 
Within the wish of fighting against the two named disadvantages, Microbial Fuel Cells (MFC from 
now) are presented as a potential alternative for avoiding to visit the laboratory every time it is 
necessary to known exactly values of a wastewater. Not only that but the possibility of offering a real 
time control tool. 
 
MFC are being studied worldwide since they can produce energy. But in this experiment, the 
difference of potential, also referred as voltage, will be taken in advantage to establish relations with 
different parameters typically used for describing a wastewater. 
 
Along this paper the construction of the cells will be described with detail, as well as the 
connection of all the equipment required for registering the reads of voltage. What follows is 
attaching the manufactured MFC to a waterlands scale plant located in the Faculty of Civil 
Engineering of Barcelona, which will mean the start of the experiment.  
 
At the end, some annexes are included with all the plots and tables of the laboratory results. A log 
of all the reads registered during the two months of running the experiment is also included divided 
into weeks for easing the read. 
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2 Objectives 
In the present work the main goal is to offer a solution for sewage control. This will be performed 
by firstly constructing the microbial fuel cells that later on will be continuously taking reads of the 
wastewater going through them. This control will be focused on the amount of organic matter, 
chemical compounds such as sulfates and parameters such as pH and conductivity. 
As these microbial fuel cells to be constructed are thought to be attached next to any point 
producer of sewage or any other zone where the collected waters arrive, they must be somehow 
portable. From the very beginning the design and scale will be fundamental, as it turns out that the 
best solution will be to integrate all the replicas and the devices for registering the reads in the same 
container, which in this case will be a plastic box. The materials and arrangement of the electrodes 
for construction of both anode and cathode will be done according to the literature consulted, taking 
in consideration the best affordable materials which will be more durable than the alternatives.  
Once the cells will be working properly and their behavior understood by staring at the plots 
obtained by the datataker on the first weeks, then laboratory analysis will be carried out.  The aim 
will be to observe if there is any relation with the voltage created in the cell and the following values 
of the sewage in a specific time: 
- CODtotal (Chemical Oxygen Demand total) 
- CODsoluble (Chemical Oxygen Demand soluble) 
- TSS (Total Suspended Solids) 
- VSS (Volatile Suspended Solids) 
- Sulfate ion test SO42- 
- Conductivity 
- pH 
 
In advance, it is known for the existing literature about previous experiments, the ascending 
relation between COD and voltage registered by a microbial fuel cell. In this experiment it should 
be proven too. The other relations are proposed for the first time.If a trustworthy relation is 
found between voltage and any of those parameters, then MFC would be useful to be employed 
as a real time control tool for sewage monitoring. Moreover, they would be cheaper and less time 
consuming compared to the current ways of analyzing wastewater. 
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3 Previous work to the experiments 
 
Before starting with the construction of the microbial fuel cells, the data obtained in a previous 
research with MFC done by Clara Corbella was analyzed. In her experiment (11/2014-12/2015, Laboratory 
of Environmental Sciences,UPC Barcelona) the cells constructed by herself are of the same dimensions 
and design as the present work. The information given from that study is the evolution of the voltage 
through the time. All the plots in order to follow the explanations are attached into the annex I. 
The way those cells were fed is the following: a big volume of wastewater was recollected, enough 
for feeding all the replicas during one week, and frozen for securing equal conditions of study. In each of 
this seven days, the COD was increased deliberately by dissolving a wastewater with a known COD with 
tap water. So the more dissolved samples were used the first ones and the lesser as the last one. This 
experimental COD obtained was then contrasted with the appropriate laboratory test in order to reveal 
real COD of those samples. 
The aim of this analysis is to find how many hours are required for having what we will call bio 
indication. That is, once the cell is fed, optimize the retention time of the wastewater into the cell, 
meanwhile we obtain the best linear adjustment for the relation between COD and voltage. This linear 
relation has already been demonstrated(Juang 2012).So the better the adjustment we find for a 
determinate time of retention, the more accurate can be a MFC as a real time control tool in wastewater 
treatment plants.  
 First of all, with all the data provided, a plot of each replica with a certain COD is done to observe 
the variation in the voltage along the time of duration of these experiments (24h). See Annex I for further 
information.  From there, it can be easily observed the proportional relation previously said between the 
availability of organic matter and voltage. Besides,  with the samples of the two last days (6th day: 164.7 
and 7th day: 192.3 mg/L respectively), the voltage achieved is by far noteworthier than in the range of the 
first days, even if the difference of COD is greater, the relative comparison of voltages is not that 
remarkable.  
 It is also noticeable that under CODs of 100mg/L, after an initial rise of the voltage, there is a 
relaxation on it, followed by another exponential shape of increase which finally leads to a stabilization, or 
in other words a constant value of mV. 
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4 MFC theory 
 
4.1 Definition of a MFC 
 
A Microbial Fuel Cell (MFC) is a device that use bacteria as the catalysts to oxidize organic and 
inorganic matter and generate current(Potter 1911).  Electrons produced by the bacteria from these 
substrates are transferred to the anode (negative terminal) and flow to the cathode (positive terminal) 
linked by a conductive material containing a resistor, or under a load. By convention, a positive current 
flows from the positive to the negative terminal, a direction opposite to that of electron flow (Logan et al. 
2006).  
 
Figure 4-1 Sketch of an MFC, the proton exchange membrane is optional (Michelle Maranowski 2013) 
 
 
4.2 Feeding of the system 
 
 These cells require that in the anode there must be always enough substrate to be oxidized. This 
can be done either continuously or intermittently. In some laboratory experiments, as the one 
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commented in Annex I, the feeding is intermittent as every 24 hours the water inside the system was 
completely changed.  If once the the substrate is replenished, it is consumed and never refilled again, 
then that system is considered to be a biobattery.  
 
4.3 Classification of MFC by the use of mediators in the anode 
 
 Depending on if some shuttles or mediators are added to the anodic compartment another 
classification of microbial fuel cells can be established.  Among the most used ones are neutral red and 
anthraquinone-2,6-disulfonate (AQDS). In some cases those shuttles are necessary provided that if not, 
bacteria would be unable to use the cathode.  On the contrary, if no exogenous shuttles are added, then 
that MFC receives the name of mediator-less.  
 
 
 
4.4 Product obtained in the cathode 
 
As said before, cathode and anode are linked by a wire. It is in the cathode where electrons from 
the anode arrive and also where protons directly reach it from the anode.  So, these electrons and 
protons combine with oxygen of the air and as a result water is obtained.  
Instead of oxygen in the air, chemical oxidizers can be used.  For instance, ferricyanide or Mn 
(IV)(Roden y Lovley 1993). The cells that use these type of catalyzers, are considered enzymatic biofuel 
cells.  Even though more power generation can be achieved by the use of these enzymes, the list of 
disadvantages is long enough for not being a reasonable option for a big scale application. Periodically, 
they must be replaced or if possible, make the auto regeneration of it happen. That is an added cost to 
the process of wastewater treatment with MFC, and what is more, the water can get polluted by those 
oxidizers, which goes in the opposite direction of the treatment.  There is a good definition of the 
equilibrium of an MFC, or what is the essence, that is the following: “Microbially catalyzed electron 
liberation at the anode and subsequent electron consumption at the cathode should be sustainable 
processes by themselves” (Logan et al. 2006) 
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4.5 Classification of MFCs by type of culture 
 
It is generally accepted that MFC that are operated using mixed cultures are the ones that achieve 
greater power densities compared with those with pure cultures(Rabaey et al. 2004). For example, if the 
aim of the MFC is to generate power rather than being a control tool of the wastewater main parameters, 
then the installation of these cells can be located in determined industries where the wastewater contain 
specific microorganisms. 
 
4.6 MFC designs 
 
Traditionally, a design in H shape has been widely used when it comes to cell construction in the 
laboratories because of its ease and reduced cost.  Two opened cylindrical bottles are connected by a 
tube, which has the function of denying the flow of electrons and substrate but allow the one of protons. 
This tube it is said to work as a cation exchange membrane (CEM), and we can found two 
commercial products that work perfectly for that purpose: Nafion and Ultrex (Min, Cheng, y Logan 2005) 
It is worth saying that this component of the cell, can be the most expensive. A cheaper solution would be 
to use agar with salt to fill the tube, but it doesn’t produce that much of power density.  As it will be 
exposed further in this point, it is not necessary to include a CEM in a MFC. 
Another design is the tubular type. That consists in an anode (which works under anaerobic 
conditions) at the bottom of this tube and above it, without lid, the cathode is placed. The existence of a 
CEM is not required in this case. But if present, it can improve the operation in two ways: in reduces the 
oxygen diffusion into the anode chamber and prevent water from leaking through the cathode. It is very 
common to inject the wastewater from the bottom of the anode and locate the exit tube at the upper 
part of the anode chamber. Upflow is how is named this deliberated flow inside the anode. 
 On the other hand, it has a greater importance how the cathode works, as it exists aqueous and air 
cathodes. Much larger power densities have been achieved with the last ones when oxygen is the main 
electron acceptor.  Air-cathodes are exposed to air on one side and water on the other. On the reduced 
scale models of microbial fuel cells it can be interesting to introduce a cap at the top part of the cathode 
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in order to prevent from leaks. Fortunately there exists products than allow oxygen diffusion but limit 
water losses, such as polytetrafluoroethylene (PTFE) (Cheng y Liu 2006). 
Another design that maximizes the output of energy density is to insert the cathode in a concentric 
inner tube within the anode tube. This construction is more appropriated to be used in continuous mode 
(Liu y Ramnarayanan 2004). 
 There is also another open field of research in the so called sediment MFCs, which produce 
sufficient energy as to power some marine devices.  One electrode is placed into a marine sediment rich 
in organic matter and sulfides while the other is put into the oxic water (Lowy et al. 2006). 
 It also deserves a to be mentioned the constructed wetland-microbial fuel cells (CW-MFCs), which 
puts in combination two elements that both have anaerobic and aerobic parts, and which are useful for 
removing contaminants from wastewater (Villaseñor et al. 2013). In this type of MFC, wetland plant roots 
can be either placed in the anodic or cathodic zone. At least during the first stage of operation, they 
achieve more power than the non planted MFC (Zhang et al. 2012). It seems that when the roots become 
longer, they ruin the anode and this explains a descent in power generation.  
 Finally, introducing little modifications to the design of an MFC, we can for example obtain a 
source of hydrogen. This is done by assisting the potential generated by the bacteria at the anode 
chamber with a small potential by an external power source (>0.25V), so then, with the incorporation of 
another chamber for collecting the hydrogen gas (Rozendal et al. 2006) In this case, a renunciation in 
electricity obtaining is clear but it comes out to be a right way of hydrogen production, as it could be a 
promising way of powering vehicles in the future.  
 
4.7 Materials of construction 
4.7.1 Anode 
 
First of all, there are some requirements that must be accomplished for any material that will be 
used for “capturing” the electrons generated by bacteria. They must be conductive, biocompatible and 
chemically stable in the reactor solution (Logan et al. 2006). A cheap solution is to use noncorrosive 
stainless steel mesh. Cooper cannot be used due to toxicity of even trace ions to bacteria.  
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Secondly, a material presented in different ways is carbon. For instance, graphite plates, rods, 
granules or fibrous material (felt, cloth, paper, fibers, foam) or even glassy carbon. The main advantages 
of graphite felts are the cost, ease to handle and that they have a defined surface are expressed by the 
manufacturer. 
Experiments carried out before showed among the different variations of carbon that internal 
current increases with the overall internal surface area, and the carbon felt is the one that works better. 
Straightaway comes the carbon foam and finally the graphite (Chaudhuri y Lovley 2003). To have an order 
of magnitude, the internal surface area of graphite felt can reach the value of 0.47 m2g-1 . However, not all 
the available surface can be used by bacteria. As announced previously, with the addition of mediators, 
an increase of the anode performance can be achieved.  
 
4.7.2 Cathode 
 
For the cathode, stainless steel mesh and graphite are used as well. It is relevant to know the 
kinetics of the reduction process that takes place in the cathode is directly linked with the material of it 
and the electron acceptor used. For example, using oxygen as electron acceptor with plain carbon as 
material has a very slow kinetics.  A wide range of catalysts can be used, as can be platinum. 
Cathode is nowadays the main restriction for power generation (Zhang et al. 2012). However, 
lately some investigations with biological materials have been carried out to improve cathode activity. For 
instance, it was demonstrated that the aerobic biofilm was able to effectively catalyze the oxygen 
reduction (Clauwaert et al. 2007), and another research with biological cathodes showed lots of 
advantages of them: low cost, sustainability, auto regeneration and good activity at neuter pH(He y 
Angenent 2006).  The reader is encouraged to read the previous point about MFC designs for more 
information about the integration of biocathode materials in microbial fuel cells, under the name of 
constructed wetland-microbial fuel cells (CW-MFCs). 
4.7.3 Membrane 
 
A brief comment about different type of membranes and manufacturers has been done in the 
point MFC designs. It is also important to point out that there exists a design which doesn’t include any 
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membrane. This will be the case of the designed microbial fuel cells for the present paper. There is no 
barrier for the oxygen neither cations, so there will be oxygen diffusion to the cathode chamber. 
 
4.8 Voltage generation in MFCs 
 
 In order to get electricity from an MFC what is needed is an overall reaction thermodynamically 
favorable. This can be evaluated in terms of Gibbs free energy (J), which can be seen as the maximal work 
that can be derived from the reaction, calculated as: 
 
( 1 ) 
 
 
 
Where   is the Gibbs free energy for the specific conditions,  is the Gibbs free energy 
under standard conditions usually defined as 298.15K, 1 bar pressure, and 1 M concentration for all 
species, R (8.31447 J mol-1 K-1) is the universal gas constant, T (K) is the absolute temperature and 
π(unitless) is the reaction quotient calculated from tabulated energies of formation for organic 
compounds in water(Arning y Minteer 2007; Licht 1988). 
 For MFC calculations, it is better to calculate the reaction in terms of the overall cell electromotive 
force (emf), Eemf (V), defined as the potential difference between the cathode and anode. The related 
work easily found by this relation is: 
 
( 2 ) 
 
where Q = nF is the charge transferred in the reaction, expressed in Coulomb ( C ), which is determined by 
the number of electrons exchanged in the reaction, n is the number of electrons per reaction mol, and F is 
Faraday’s constant (9.64853 x 104 C/mol) (Logan et al. 2006).Combining these two equations: 
 
( 3 ) 
 
 If all reactions are evaluated at standard conditions, π=1, hence 
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( 4 ) 
This calculated emf provides an upper limit for the cell voltage; the actual potential derived from 
the MFC will be lower due to various potential losses. There are up to four types: 
 
 Ohmic losses. It includes the resistance of the electrons to flow through the electrodes and 
interconnections and also the resistance to the flow of ions through the CEM (if present). Ohmic losses 
can be reduced by minimizing the electrode spacing, using a membrane with low resistivity and check 
thoroughly all the contacts.  
 Activation losses. This loss has to do with the necessary energy needed at the surface of an 
electrode for make it possible an oxidation/reduction. They usually show a high increase with low 
currents. In addition, they can be reduced by increasing electrode surface area, improving electrode 
catalysis, increasing the operation temperature and thorough the establishment of an enriched biofilm on 
the electrode(s). However, it has been demonstrated that bacteria attached to the cathode, apart from 
helping to catalyze oxygen reduction, it can also decrease the activation losses (Rabaey et al. 2008). 
 Bacterial metabolic losses. In order to generate metabolic energy, bacteria transport electrons 
from a substrate at a low potential through the electron transport chain to the final electron acceptor at a 
higher potential.  In an MFC, the anode is the electron acceptor. The potential of the anode determines 
the energy gain for the bacteria. So the the higher the redox potential between substrate and anode, the 
higher the metabolic energy the bacteria will gain, and hence, lesser MFC attainable voltage. It could be 
wrongly deduced from here that if the potential of the anode is kept as low as possible, then the MFC 
voltage will be improved. That is not true. There is a threshold that if it becomes too low, then it exists the 
risk of inhibition of electron transport and fermentation of the substrate.  This last ones generates a 
vicious circle as it would increase bacteria energy gain.  
 Concentration losses. Also named mass transfer losses. This type of loss takes place when the rate 
of mass transport of a species to or from the electrode limits current production. Normally they are 
presented when working with high current densities. This fact inhibits somehow the diffusion at to the 
electrode surface of mass transfer of chemical species. 
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5 Constructed wetlands systems 
 
 The wastewater that will feed the named in in this experiment “OUT” cells receive atreatment 
that consists in the sustainable wetlands alternative. The aim of this present work is also to analyze the 
efficiency of this treatment in terms of COD and relate it with the voltage variation of the cells, as 
announced before.  
 
5.1 Introduction to wetlands and their advantages 
 
 Wetlands, either naturally found or constructed, offer a low cost alternative technology for 
wastewater treatment. They were used initially in isolated population’s centers, but nowadays the trend 
is to increase the population that can be served with this cheap method. 
 This constructed wetlands normally have subsurface flow, and they are effective to remove low 
concentration of nutrient (N and P) and suspended solids. Among the purposes they accomplish: creation 
of habitat, as the natural ones used to be destroyed because of human action, water quality 
improvement, flood control and they can be also a source for getting fiber and food. 
 One of the main advantage of the wetlands is that they can tolerate different types of wastewater 
depending on its origin; domestic wastewater, storm runoff, agricultural wastewater and even polluted 
surface waters in rivers and lakes. Not only all these different typology is suitable, but also with 
changeable volume of sewage and proportion of pollutants. Compared with other technologies of 
treatment, the maintenance is reduced and it doesn’t need full time attention. 
 
5.2 Types of constructed wetlands 
 
 The main classification deals with the direction of the wastewater follows between the inflow and 
outflow: 
 Vertical Flow System (VFS) 
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 Horitzontal Flow System (HFS) 
 
 Surface Flow (SF) 
 Sub-surface Flow (SSF) 
 
 
Figure 5-1 Typical configuration of a subsurface flow horizontal system wetland. Source: (Kadlec y Wallace 2008) 
 
 
Figure 5-2 Typical configuration of a surface flow horizontal system wetland. Source:(Kadlec y Wallace 2008) 
 
 The main difference between these two types, are the height at which water level is kept, in SF is 
visible meanwhile in SSF it is not, the substrate material and the permeability parameters of the material 
under the substrate for the wetlands roots. The one used in this investigation is a SSF-HS. 
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5.3 Pilot scale wetlands treatment plant used in this experiment 
 
The plant on which the waterlands efficiency is to be related with the voltage reads given by the 
cells is a pilot plant located at the terrace of the building of the Environmental Engineering and 
Microbiology Group (D1-Campus Nord), Barcelona. During the months the experiment was performed, 
along spring, a fast growing of the waterlands was observed. 
 
Parameter Value 
Dimensions (WxLxH) 55.2cm x 70.5 cm x 35 cm 
Water level 30 cm 
Surface area 0.39 m2 
Flow 63 L/d 
Surface hydraulic loading rate 160 L/m2∙d 
Hydraulic retention time 0.8 d 
Surface organic loading rate 40-60 gCOD/m2∙d (period 1) 
110 gCOD/m2∙d (period 2) 
Surface ammonium loading rate 5 g NH4
+-N/m2∙d 
Table 5-1 Technical data of the wetlands pilot scale treatment plant 
 
 
Figure 5-3 Detail of the waterlands scale plant used in this experiment 
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6 Materials used in the experiment 
6.1 MFC 
6.1.1 Body of the cell 
 
The construction of the cell was carried out with PVC materials easily found in any hardware 
store. The operation was divided into cathode and anode part because of the PVC glue drying time. Briefly 
described, we require 18cm of vertical tube height (φ 9cm), with a cap at the bottom, this for the anode. 
On the other hand, for the cathode was needed the same type of cap but drilled on the center and glued 
with a 20cm circular tray. Note that this last one was also drilled and both holes finally were aligned. The 
next step was to provide the anode with the appropriate lateral holes for the stainless steel mesh 
connection to the outside of the cell and also for the incoming and outgoing sewage water tubing. (bit #6 
and #6.5 respectively). 
 
 
Figure 6-1 Cathode and anode PVC components with already drilled holes 
 
6.1.2 Anode: stainless steel mesh 
 
Inside the anode chamber were distributed 5 meshes equispaced. At the bottom it was firstly 
located a high hard plastic mesh enough for avoiding to take out the first mesh cable through the join of 
the PVC tube and the cap. This last recommendation it is important in order to assure the seal of the cell. 
Over that plastic mesh, we put two finer plastic meshes. The aim of it was to make the gravel material 
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start over the first stainless steel mesh. Then, we just had to place gravel among stainless steel meshes. 
The last one does not have gravel over it, for the same reason as explained before.  
 
Some considerations about the stainless steel mesh are the following. First of all, it has to do with 
the choice of the material. There are two materials that nowadays have a main role in the electrode 
meshes, these are graphite and stainless steel. The first one, appart of being expensive, it is also 
recommended when there’s also the aim of powering of some devices or saving that energy into batteries 
with the difference of electric potential created. So the option was to use the available stainless steel 
already available in the laboratory. This is also a product that is sold in big amounts so that it has to be cut 
manually to achieve a circular shape identical to the internal diameter of the PVC tube. The key fact in this 
point is to try to maximize the area of each one of the five meshes that goes in the anode,  in this manner, 
more electrons will be collected and better lectures of potential difference will be made(Logan et al. 
2006). 
 
 
Figure 6-2 Detail of the used mesh for the anodes. Φ 1mm; 5x5mm grid 
 
6.1.3 Cathode: graphite felt 
 
For the cathode, the goal is to maximize the internal surface area, and by design the water that 
enters there will remain stagnant. This will be reached by adjusting a convenient piezometric height of the 
exit tube from the anode to make the cathodeto be half submerged.  In other words, attach a T tube at 
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the cathode contour to a height that will be the same piezometric level inside the cathode, because of the 
communicating vessels theory. 
 
Due to the upflow of wastewater just goes through the anode chamber, at this point is it possible 
to use an electrode material that has bigger surface density. Hence the best choice is graphite felt, for its 
relative low cost and its high internal surface area.  Just to say, that using this same material in the anode 
with the same cell design would make the flow difficult, as the wastewater before entering the wetlands 
has still big particles that  will end plugging the anode chamber. 
 
Figure 6-3 Detail of two pieces of the graphite felt used for the cathode construction 
 
 The specifications by the manufacturer Alfa Aesar (Germany) are: 1.12cm thick, 99.9% (metals 
basis) and approximately 9.2g/100cm2. But in the present work as the concept of internal surface area is 
continuously announced, it is better to express it in the appropriate units ofit that will be 10.86 cm2/g. 
 Graphite felt is manufactured by graphitization of carbon felt(Vilar et al. 1998). This consists in the 
nucleation and growth process that occurs when the steel is exposed to temperatures above 1470 °C 
during long periods. The result is a material which has a good erosion resistance,  a lower ash content 
compared with carbon felt,  good fluid permeability, high chemical stability, large specific surface area 
and the most important for this experiment, high electrical conductivity and continuity. 
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6.2 Gravel 
 
Gravel (D≈ 10mm) will be used to fix the electrodes of stainless steel mesh along the anode at the 
designed spacing between them. It is a cheap material, a chemically stable with the substrate.  This gravel 
had been previously in contact with wastewater, so in order to start this experiment in the optimal 
conditions, this gravel will be cleaned in a solution of hydrochloric acid during 24 hours. 
 
 
6.3 Sealant elements 
6.3.1 Silicon stopper 
 
One of the critical points of this design for the cells was to solve the sealing of them, specially the 
one that has to do with the wires of the electrodes in the anode, extracted by drilled holes.  The solution 
is provided with a simple element as a silicon conic stopper that inserted under pressure remains fixed, 
gives to the wire firmness and blocks effectively the water to come out through these holes.  
 
 
Figure 6-4 Detail of the silicon stoppers put into the holes of the PVC tube 
 
6.3.2 PVC glue 
 
Not a sealant element at all, but the result of applying these compound to a pair of PVC tubes is 
the most effective way of creating a join. Every cell will have three joints of these type: anode downer 
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part with lid, anode downer part with anode upper part tubes, and the last one with cathode stretcher 
and cathode tray.  
 Compared with other type of plastic unions, what makes this one very effective and irreversible at 
the same time, is that fuse the two parts together, as if they melt in order to create just one piece. It is 
important to follow the indications precisely, such as the application of a solvent cleaner and the drying 
times. 
 
 
6.3.3 PTFE 
 
Commonly known as Teflon is a seal tape that will be used for the union anode-cathode of the 
cells. The aim of providing this type of join instead of others seen before in this article is the ability of 
being disassembled whenever a problem with the water flow could be observed. In addition, at the height 
this product will be applied, not so many hydrostatic pressure will exist compared to other points of the 
cell, so this cheap and easy to install product will be a right choice. Even though the two PVC tubes to be 
joined have no thread, we will follow the usual procedure of unrolling the Teflon tape in a clockwise 
motion. Then, the upper part of the cell that contains the cathode will be screwed in clockwise motion 
too. This material will tolerate perfectly the moisture and temperature changes. 
 
6.3.4 Silicon enhancers for in and out tubes 
 
The tubes suitable for the peristaltic pumps, that will be the same that will be connected to the 
downer part of the cell, are not made of silicon but PVC glass. At the point of connection with the PVC 
body of the cell, this material does not fit at all the drilled hole. So an easy way of solving this is to put a 
short stretch of a silicon tube of slightly bigger diameter between the hole in the cell and the PVC glass 
tube that comes from the pump. This remedy will give a complete solution against water leaking.  
For the drainage system, all the solution can be provided by silicon tubes, which are more 
expensive per linear meter compared with the other ones made of PVC glass, but will help to avoid the so 
problematic section changes.  
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6.4 Materials for connection, run and log of the cells 
6.4.1 Peristaltic pumps 
 
This type of pumps are the ones that can offer the best result for the necessary limited incoming 
flow for the cells, as well as its technology, which avoid the wear away. They are designed for research 
and medical solutions, hence they can be working nonstop for large periods of time. 
 
 
Figure 6-5 Peristaltic pump before making the electrical and hydraulic connections 
 
 The four pumps needed for the experiment, one per cell, are identical. They are manufactured by 
Damova (Spain) and the model is CPM-045/5.A. It can pump up to 3.2 l/h and its internal tube it is made 
of Norprene® and has an internal diameter of 4.8 mm. 
 
 As the space inside the box will be very limited, it is necessary to optimize the volume of the other 
components of the experiment that are not the cells itself. In this sense, it is a good idea to join two 
peristaltic pump wires in just one plug, as the timers are expected to fill a big amount of space over the 
multiple connector. 
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6.4.2 Plastic box 
 
The four cells constructed will be located in a plastic box which will offer protection against 
inclement weather and at the same time will be useful for offering a compact solution. In this way, it is 
very practical to carry a box with MFC ready to work as real time wastewater control for further 
applications in situ. The plastic box is a simple model typically used for home interiors. As the experiment 
is thought to be running between two and three months, it was considered that type of plastic a cheap 
and safe remedy. A longer duration of it could ruin the material because of the changes of temperature, 
sun radiation, contact with wastewater leaks, etc.  
 
 
Figure 6-6 Plastic box with all the needed elements inside 
 
6.4.3 Tubes of silicon and PVC glass 
 
The connections from the box to the points where wastewater will  be pumped were planned on 
the go, so it is a clever option to have long pieces of tubes in order to avoid section changes.  Two 
diameters of tube silicon will be used, one for the obtaining of wastewater from the exit of the wetlands 
and a slightly bigger one for the exit system of water from the cell, at the height of the cathode.  There 
will be also two sizes of PVC glass, a small one that is the suitable for the peristaltic pumps connections 
and a notable bigger one for the collection of the outgoing wastewater of every two cells. Thanks to this 
last tube,  an hygienic solution is achieved, as the affectation where is situated is inexistent. 
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6.4.4 Electrical part 
 
First of all, terminal strips will be needed. This piece makes easy and durable the connection 
between the wire of every electrode (directly from the stainless steel mesh)  and a wire that will be 
connected to the datalogger. The electrical connection of the anode with the datalogger will be carried 
out within two phases of terminal strips.  After the first connection (stainless steel mesh – short wire 
piece), another terminal strip of bigger size for the wires suitable for conneciting the five wires of all the 
electrodes in the anode, and in the other part of it, a wire that goes inserted to the hole marked with a 
negative sign (this will be our sign convention regarding datalogger). 
 
 
Figure 6-7 Terminal strip 
 
 Secondly, a generous length of wire is required for every electrode connection with the 
datalogger, just in case the MFC has to be checked or repaired during the experiment. It will help us the 
identification of troubleshooting using a color of the cover of the wire for the anodes and another one for 
the cathodes. Also, put some color identification at the extremes of every wire, just to know with a 
glimpse to which MFC belongs. This will be really useful later on with the interpretation of the results 
obtained from the log, especially for detecting possible issues related to the reading. Adhesive tape will 
be used for this purpose. Diameter of the wire used: 1mm.  
Continuing with the electrical aspect, in order to close the circuit between the anode and the 
cathode of every cell, an ohmic resistor of 1000Ω (tolerance 1%) will be introduced at the channel of 
registration in the datalogger. That is to introduce in the same hole (- for anode and + for cathode wires) a 
wire of each of the electrodes and a leg of the resistor.  
As the renovation of the water will have to take place four times a day, the use of timers is 
necessary. Analogic ones will be preferred because of its ease of configuration. The model used in the 
experiment is manufactured by Simon and has 24h of range with switching on periods of 15 minutes. 
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 Finally, a multiple connector is required for connecting the datalogger and the analogic timers. 
Bear in mind that the peristaltic pumps will be connected to these timers. If a joint of two peristaltic 
pumps (for the cells that control the same wastewater, that is, the  here named “in” or “out” MFCs)  in 
one plug, just two timers are needed. 
 
6.4.5 Electronic part 
 
This consist of a datalogger model DT50, manufactured by DataTaker, the transmission cable to 
the computer (RS-232 connector), the code programmed and sent to the datalogger and the official 
computer software for downloading the data. This device connected to electricity can be fully configured. 
In the case of this experiment, it is completely dedicated to the obtaining of read of the voltage every 5 
minutes during all the day long for the four channels (each cell is connected to a channel, correctly 
identified in the datalogger). 
 
Figure 6-8 Datalogger model DT50 by DataTaker before any connection with the cells 
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7 Assembly of the cells and set up 
7.1 Construction of the electrodes 
 
For the construction of the cells, the same step order was respected. Or better said, all the same 
parts of the cells were done at the same moment.  Simultaneously, the construction of the cathode body 
can be carried out. The way of fixing it to the anode chamber will be thanks to a lid of the 9cm φ tube, 
which will have a big hole in the center. A hole of the same dimensions will be drilled on the cathode tray. 
The next step is to glue this two parts, with those two holes being collinear.  
 
 
Figure 7-1 Drying time of the anodes and cathodes of the four MFCs 
 
It is recommended to drill the holes for the five anodes and the two for the incoming and outgoing 
wastewater previously to stick the cap. In this way, vibrations that could damage the joint are avoided.  
Another tip has to do with the use of carpenter’s workbench. This tool is required for some 
operations of cut of the tube as well as for drilling the holes.  In order to avoid deformations of the PVC 
tube while is held, which would be synonym of leaks, just apply the necessary retention force. 
As said on the previous section, the volume delimited by the bottom cap will be not used.  The first 
electrode will be put once only has to cross a layer of PVC (the one of the body of the anode). 
Experimenting with taking out an electrode drilling a hole over two layer of tube, the one of the body and 
the inner height that has the lid weren’t successful because of the leaks.  
 
  
24 
 
Once the lid of the anode tube is completely glued, the insertion of the stainless steel mesh can be 
done, not unless putting the plastic elevators to the height of the first hole. The fifth and last one, will 
finish with the anodic material, so over this last electrode, no more gravel will be put. It is important to 
leave some millimeters of preventive measure before the exit silicon tube starts to do its function, just in 
case a sedimentation causing obstruction is produced on the fly. 
 
 
Figure 7-2 Disassembly of the cell 
 
 
 
Figure 7-3 Detail of the silicon stoppers after 
 the anode construction 
 
What follows is the assembly of the cathode component. From the graphite felt that comes in 
sheets of 20x20 cm, a division of it is done in order to obtain 4 pieces that joint one next to the other will 
maximize the area of graphite felt inside the tray of the cathode.  
 
Figure 7-4 Partitions of the graphite felt done 
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A good system for cutting is totally recommended, as this type of material cannot be cut with 
scissors, the way of obtaining a clear cut is the usage of a guillotine, or alternatively, a box cutter locating 
the felt between two plastic guides that will point the resultant side. 
 What comes next is the location of those graphite felts covering the bottom of the tray that will 
be used as cathode container. But not without connecting each part of felt to the wire first. Among the 
different ways of connecting them with the only requirement that it must be linked with just one stainless 
steel wire, the one that offered more advantages was the one shown in the figure: 
 
Figure 7-5 Cathode container with graphite felt and electrodes put on it,  
at the corners cropped a shiny point can be seen, that is the stainless steel wire  
used for connecting the graphite felts and close the circuit. 
 
 There is a stainless steel wire that goes from the center of the tray (where all the wires are 
connected themselves and with another wire that will connect with the wire that goes to the datalogger) 
to the the corner, being in direct contact in the two named points. The reason of it is to ensure a maximal 
conductivity for the cathode. By locating in this distribution the wires, a tidy look is obtained as well as an 
ease in case of disassembly for checking some possible issues. 
Once all the electrodes are on their containers, both parts anode and cathode can be joint by 
means of fitting together the bottom existing lid in the cathode part and the upper part of the anode tube 
chamber. As this union by itself wouldn’t be sealed at all, the use of Teflon tape will be required. Bearing 
in mind that it has to be unrolled clockwise, the same way it will be spun around both parts for their 
fitting.  
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7.2 Hydraulic connection 
 
 This must be divided into the incoming wastewater to the peristaltic pumps before and after the 
wetlands treatment.   
 
7.2.1 MFCs connected to the effluent 
 
 On the one hand, the connection to the waste water directly obtained from the sewage is done to 
a tube that feeds the different existing experiments on the flat roof by gravity. Make mention of the 
wastewater pump from the street level to the said place where the wetlands are installed. This sewage is 
continuously being shaken by a blade inside a tank. In that way the organic matter is dissolved into the 
water, a key factor bearing in mind the tiny tube diameters the peristaltic pumps work with.  
 This connection will just require of two T tube pieces, where on each one will be connected a 
silicon tube directly to the input of the pumps. As depending on the day the wastewater can contain more 
solids, this joint between the tubes can be easily dismantled, just in case a block is produced by the 
sediments. Transparent tubes are recommended as well for the same reason. 
 
 
Figure 7-6 Shaken tank. The sewage is pumped from the 
street level to here 
 
Figure 7-7 Tube carrying  the effluent working under gravity 
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7.3 Solution offered 
 
Finally, the integral solution contained in the plastic box has this clean look, as pointed out before, 
the idea was to locate this tool next to the waterlands. Moreover it is well protected against rain and 
quite accessible for downloading the logs from the datalogger device with a personal computer. 
 
 
Figure 7-8 Top view of the box, the four cells are inside the box, one covered by the PC. At the center, the datalogger. 
 
 
Figure 7-9 View of the box attached to the waterlands pilot scale treatment plant 
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8 Planning wastewater analysis 
 
 Meanwhile the MFC will be registering the voltage along the duration of the experiment, an 
extensive plan of analysis will be implemented. Both chemical and biological parameters will be 
monitored for the sewage before and after the wetlands treatment.  
 With the objective of finding any relation between variations in the voltage of the MFCs and the 
wastewater indicators, this tests will be done: 
- CODtotal (Chemical Oxygen Demand total) 
- CODsoluble (Chemical Oxygen Demand soluble) 
- TSS (Total Suspended Solids) 
- VSS (Volatile Suspended Solids) 
- Sulfate ion test SO42- 
 
 In addition, the following tests will be done in situ: 
- Conductivity 
- pH 
 Whenever possible, all this analysis will be executed in triplicate, since to obtain just a pair can 
lead to dispersion results.  
As the GEMMA laboratory where all this studies will be done is shared with other researchers, the 
execution of them must be done in the available time of the facility, maximizing the obtaining of weekly 
results about these parameters. 
 SAMPLING  
 IN (samples per day 
of analysis) 
OUT (samples per 
day of analysis) 
Number of 
control days 
per week  
CODtot 3 3 2 
CODsol 3 3 2 
TSS 3 3 2 
VSS 3 3 2 
Sulfates 1 1 2 
Conductivity 1 1 2 
pH 1 1 2 
Table 8-1 Review of the sampling for the sewage tests 
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9 Laboratory results analysis and establishing relations within voltage 
9.1 Obtaining the corresponding voltage read for a sewage sample 
 
The way in which it is believed that this type of cells can be useful it is matching its main output, 
which is the voltage variation along the time, with different values that describe the quality of a 
wastewater. The tests carried out are the ones described in section 6. There were planned a total of 
eight days of laboratory tests, but some of them were not performed owing to circumstances beyond 
our control: devices broken down and feeding of the waterlands accidentally disabled.  
The reference value of voltage of a wastewater will be taken as follows: 
Figure 9-1 Reads of one IN replica and two OUT replicas between replenishments. Screenshot of DeView software. 
 
-The value to pick is the one after five hours and thirty minutes of the last replenishment of the 
cell. As it can be seen on the figure 8-1, after this time it can be observed a stabilization of the read, 
just before the peristaltic pumps will refill again the anodic chamber with new wastewater. 
-With the explained procedure in the previous point, the two values for every replica will be 
averaged together and that will be the value to pick of that replenishment of the same time as the 
sample taken for the laboratory tests for the incoming or outcoming wastewater. It is worth to say 
that initially these two values were quite similar, but with time, a notable dispersion started to 
appear. 
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9.2 Observations of the laboratory results and linking them with voltage reads 
 
The inspection of the data collected in Annex II, it is useful for making the following comments. 
Even the samples were always taken at the same time (12pm), the first thing that comes out is that there 
is a big variation on them between days. Unfortunately, an increase in some parameter is not translated 
always within another increase in the cell reads.  
The COD of the incoming water to the waterlands is obviously bigger than the one after the 
treatment. COD total of the incoming water has an average value of 457 mg/l-1, while the total chemical 
oxygen demand of the outcoming wastewater averaged is 241 mg/l-1. Respectively the averaged values of 
the soluble COD of the incoming and outcoming sewages are: 245 mg/l-1 and 210 mg/l-1. The difference 
between COD total and COD soluble is the called biomass concentration, and for all the day tests, it is 
found an average of 212 mg/l-1 in the incoming sewage and a value of 31 mg/l-1 for the other one. This 
leads to the affirmation that waterlands treatment system is good in diminishing this type of 
concentration. 
Another interesting calculation can be done from the COD test results that has to do with efficiency 
of the waterlands, measured as the difference between the incoming total COD and the total outcoming 
one. In general terms, the used waterlands have an efficiency of the 44%, with a day, the first one of 
analysis where an efficiency of the 65% was registered. 
From Figure 14-1 and Figure 14-2, already relating COD values with voltages of the cells, only the 
expected ascending linear regression line is found in outcoming sewage. The slope is bigger in total COD. 
On the other hand, the opposite behavior is observed for the incoming wastewater, but a fact has to be 
remarked, COD total and COD soluble linear regressions are parallel, obtaining less voltage for the same 
mg/l-1 concentration in the soluble COD. 
When it comes to the solids test and relation with the cell voltage, a similar shape is observed for 
TSS for incoming and outcoming sewage and in a similar way, but with a different shape, for VSS of the 
incoming and outcoming sewage. See Figure 14-3. It seems to be an indication that the more mg/l-1 of 
total solids, the bigger value of voltage could be registered. This is not an adamant affirmation because of 
the reduced points obtained along the experiment and the not usual shape of the plot. Reduction of total 
suspended solids reaches an averaged value of 86% between incoming and outcoming wastewater and a 
value of 81% for the volatile suspended solids. The wastewater at the entrance of the waterlands had 
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usually an SST value of 188 mg/l-1 and the exit of 25 mg/l-1.  Similarly, VSS average value at the entrance is 
126 mg/l-1 and for the outcoming wastewater is 23 mg/l-1. 
Observing the Figure 14-4, a relation between sulfates and cells voltages is proposed. In this case, it 
is interesting to say that sulfates concentrations in ppm were quite constant in all the day tests, with an 
exception of a day (23/04/2015), where both values at the entrance and at the exit of the waterlands 
were increased slightly. Averaged concentrations are 75 ppm for the incoming wastewater and 10ppm for 
the outcoming one. No particular conclusions about this plot can be get if only one type of cells is 
observed (“In” or “Out”), as it is not clear if there is effectively a relation between cell voltages and 
concentration of sulfates. However, the shape of the plots for the cells monitoring the incoming and the 
outcoming water is quite similar between the two different wastewaters monitored. Finally comparing 
the positions of the lines, with caution it could be said that as the concentration of sulfates increases, 
more voltage finally is registered by the cells. 
Studying the conductivity is even less clear that the previous relation with sulfates. Looking at the 
Table 14-6 and Table 14-7 is deduced that this parameter it is usually bigger at the water treated by the 
waterlands. Being 2.50 mSiemens/cm at the outcoming wastewater and 2.43mSiemens/cm at the 
incoming sewage. No prediction about how a variation of wastewater conductivity could affect the cell 
reads can be done. See Figure 14-4 for better understanding. 
pH relation with voltage, Figure 14-6, should also be seen in general terms comparing both 
wastewaters. The pH at the entrance of the waterlands is clearly alkaline, at least during the days were 
the samples for this experiment were taken. Consequently, it can be said that an alkaline water tends to 
produce bigger voltage values than an acidic one, which would be the case of the outcoming one that is 
not purely acidic as it has also depending on the day neuter or alkaline nature. Again, it is impossible to 
establish a law in every single cell about variation in pH and how this will have an effect on the mV 
registered. 
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9.3 Proposal of indirect relation 
 
As the relation with COD and voltage has not been what was initially expected, at least for the 
incoming wastewater, a relation between the efficiency of the waterlands (that is to say divide the 
COD of the incoming wastewater and the COD of the outcoming one) and the quotient between 
voltages in the same order. Obviously, the voltage is the reference read obtained by the cells with 
the criterion explained in the section 9.1. This has been done for the total and soluble chemical 
oxygen demand.  
The behavior is almost the same relating the quotient of voltages with either efficiency in terms of 
total COD or soluble COD. Between voltages from two to three times bigger registered in incoming 
wastewater cells compared to the outcoming ones, the efficiency of the treatment increases. When 
the voltage registered by the cells that are monitoring the incoming wastewater triplicates or more 
the read of the outcoming ones, then CODIN/CODOUT  is bigger, which means less efficiency of the 
treatment. Figure 14-7. 
 
 
 
 
9.4 Comment on the continuous log of the cells 
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10 Conclusions 
 
This experiment from the beginning was inspiring, able to discover a new solution in sewage analysis. 
The cells themselves, seemed to offer such a good demonstration of what happens when they are 
replenished periodically. What is more, the replicas on the initial stage were accurate.  
But this study had as well as an imperative goal to relate those reads with some specific parameter of 
a wastewater, in order to predict changes and consequently actuations in an area where these water are 
received. The result of all these investigations has not been the one expected. Just one of all the relations 
proposed is accomplished, the relation between the COD present in the outgoing water from the 
waterlands and voltage. The more COD, the more electrical potential difference is recorded. Even though 
this behavior should had been observed also in the incoming water, as it has been demonstrated in other 
publications, such as the one is analyzed in Annex I. In the same line, the other relations that were to be 
demonstrated, such as with concentration of sulfates, pH, conductivity, and solids test, have not provided 
enough reliable information, from the point of view of the author, to conclude if there is any existent link. 
On the other hand, a valuable experience has been gained along this study about the construction, 
maintenance and behavior of the microbial fuel cells. Is for this reason that without hesitate the reason 
why some relations has not been proven easily seems to be related with some issues with the voltage 
read.  In many ways, starting from the worsening of the anode chamber due to proliferation of bacteria, 
occlusion of the same part of the MFC due to sediments and oxidation of the electric wires as it has been 
observed in a maintenance checking of the cells. For improving this experiment in long term run, a 
periodic cleaning with acidic solution it is thought to be effective to get the behavior of the reads 
stabilized and similarity between replicas. Moreover, for avoiding the appearance of oxide in the 
connections between electrodes and electrical instruments, a better cooling of the box could be designed 
as well as the addition of silica gel within the container to absorb the humidity created by the evaporation 
of the cells, as they cannot be hermetic since the cathode it must be in contact with air. 
There is still a lot to be discovered about this interesting new field of environmental science, and 
without any doubt, in the future new discoveries will be done.  
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12 Annex I: Data analysis of previous experiments 
 
Figure 12-1 Variation in voltage for each cell with a determined COD as feeding along a day
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 On the following plots, there will be represented for different replenishment of the MFC with a 
different COD, the read obtained in mV after a certain number of hours between 5 and 15, including both.  
Firstly, a plot with all the available data is realized for that period time of water retention. 
Secondly, for that same time period, just the values that increase the linear correlation will be kept.  
 
Figure 12-2 COD-Voltage relation. Reads after 5h of the replenishment of the cells. All the data plotted. 
 
 
Figure 12-3 COD-Voltage relation. Reads after 5h of the replenishment of the cells. From COD equal to 70mg/L is plotted. 
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Figure 12-4 COD-Voltage relation. Reads after 6h of the replenishment of the cells. All the data plotted 
 
 
 
Figure 12-5 COD-Voltage relation. Reads after 6h of the replenishment of the cells. From COD 93.7 mg/L is plotted 
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Figure 12-6 COD-Voltage relation. Reads after 7h of the replenishment of the cells. All the data is plotted 
 
 
Figure 12-7 COD-Voltage relation. Reads after 7h of the replenishment of the cells. From 92.3 mg/L is plotted. 
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Figure 12-8 COD-Voltage relation. Reads after 8h of the replenishment of the cells. All data is plotted 
 
 
Figure 12-9 COD-Voltage relation. Reads after 8h of the replenishment of the cells. From COD 70,1 mg/L is plotted. 
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Figure 12-10 COD-Voltage relation. Reads after 9h of the replenishment of the cells. All data is plotted 
 
 
 
Figure 12-11 COD-Voltage relation. Reads after 9h of the replenishment of the cells. From COD 70.1 mg/L is plotted 
 
  
42 
 
 
 
Figure 12-12 COD-Voltage relation. Reads after 10h of the replenishment of the cells. All data is plotted 
 
 
 
Figure 12-13 COD-Voltage relation. Reads after 10h of the replenishment of the cells. From COD 70.1 mg/L is plotted 
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Figure 12-14 COD-Voltage relation. Reads after 11h of the replenishment of the cells 
 
 
Figure 12-15 COD-Voltage relation. Reads after 11h of the replenishment of the cells. From COD 70.1 mg/L is plotted 
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Figure 12-16 COD-Voltage relation. Reads after 12h of the replenishment of the cells. All data is plotted 
 
 
Figure 12-17 COD-Voltage relation. Reads after 12h of the replenishment of the cells.From COD 70.1 mg/L is plotted 
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Figure 12-18 COD-Voltage relation. Reads after 13h of the replenishment of the cells. All data is plotted 
 
 
 
Figure 12-19 COD-Voltage relation. Reads after 13h of the replenishment of the cells. From COD 70.1 mg/L is plotted 
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Figure 12-20 COD-Voltage relation. Reads after 14h of the replenishment of the cells. All data is plotted 
 
 
 
Figure 12-21 COD-Voltage relation. Reads after 14h of the replenishment of the cells. From COD 70.1 mg/L is plotted 
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Figure 12-22 COD-Voltage relation. Reads after 15h of the replenishment of the cells. All data is plotted 
 
 
 
Figure 12-23 COD-Voltage relation. Reads after 15h of the replenishment of the cells. From COD 70.1 mg/L is plotted 
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13 Annex II: Laboratory results 
13.1 Incoming sewage 
 
Day  Time       Day  Time       Day  Time       Day  Time 
IN 20/04/2015 12:30 
   
23/04/2015 12:00 
   
27/04/2015 12:20 
   
30/04/2015 12:20 
CODtot 795 784 
   
411 384 
   
341 333,5 
   
462 416 
  784 
    
384 
    
326 
    
416 
   661 
    
384 
         
409 
 CODsol 491 499 
   
228 228 
   
175 161 
   
217 208 
  527 
    
235 
    
161 
    
208 
   499 
    
212 
    
154 
    
194 
 TSS (mg/L) 0,2620 0,2360 
   
0,1850 0,1850 
   
0,1540 0,1540 
   
0,1120 0,1240 
  0,2100 
    
0,1925 
    
0,1400 
    
0,1240 
   
     
0,1775 
    
0,1600 
    
0,1280 
 VSS (mg/L) 0,1640 0,1290 
   
0,1350 0,1350 
   
0,1080 0,1120 
   
0,0460 0,0580 
  0,0940 
    
0,1375 
    
0,1120 
    
0,0640 
   
     
0,1325 
    
0,1280 
    
0,0580 
 Sulfates(ppm) 77 
    
86,8 
    
77,3 
    
_ _ 
Conductivity (mS/cm) 2,27 
    
3,08 
    
2,6 
    
2,45 
 pH 7,25 
    
7,58 
    
7,39 
    
7,7 
 Table 13-1  Tests results between 20/04/2015 amd 30/04/2015 for incoming sewage 
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Day  Time       Day  Time       Day  Time 
IN 07/05/2015 12:00 
   
11/05/2015 12:00 
   
14/05/2015 12:00 
CODtot 363 348 
   
_ _ 
   
556 481 
  340 
    
_ 
    
458 
   348 
    
_ 
    
481 
 CODsol 178 170 
   
_ _ 
   
195 206 
  170 
    
_ 
    
206 
   161 
    
_ 
    
245 
 TSS (mL TS/L) 0,1440 0,1440 
   
0,1500 0,1540 
   
0,3180 0,3220 
  0,1320 
    
0,1540 
    
0,3220 
   0,1640 
    
0,1820 
    
0,3220 
 VSS (mL VS/L) 0,1120 0,1180 
   
0,1200 0,1200 
   
0,2100 0,2100 
  0,1180 
    
0,1200 
    
0,2060 
   0,1260 
    
0,1540 
    
0,2120 
 Sulfates(ppm) _ 
    
59,5 
    
74 
 Conductivity (mS/cm) 1,9 
    
2,52 
    
2,19 
 pH 7,44 
    
7,17 
    
7,35 
 Table 13-2 Tests results between 07/2015 and 14/05/2015 for incoming sewage 
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Day 20/04/2015 # Filter Starting weight(g) Filtered volume(mL) Dry weight(g) Ignited weight(g) 
    1 0,1218 50 0,1349 0,1267 
    2 0,131 50 0,1415 0,1368 
Day 23/04/2015 7 0,1289 40 0,1363 0,1309 
    8 0,1392 40 0,1469 0,1414 
    9 0,1323 40 0,1394 0,1341 
Day 27/04/2015 1 0,1293 50 0,137 0,1316 
    2 0,1373 50 0,1443 0,1387 
    3 0,134 50 0,142 0,1356 
Day 30/04/2015 7 0,1314 50 0,137 0,1347 
    8 0,13 50 0,1362 0,133 
    9 0,1293 50 0,1357 0,1328 
Day 07/05/2015 1 0,1429 50 0,1501 0,1445 
    2 0,1319 50 0,1385 0,1326 
    3 0,1384 50 0,1466 0,1403 
Day 11/05/2015 7 0,1389 50 0,1464 0,1404 
    8 0,1325 50 0,1402 0,1342 
    9 0,1508 50 0,1599 0,1522 
Day 14/05/2015 ·1· 0,148 50 0,1639 0,1534 
    ·2· 0,1302 50 0,1463 0,136 
    ·3· 0,1292 50 0,1453 0,1347 
Table 13-3 Solid tests intermediate calculations for incoming sewage between 20/04/2015 and 14/05/2015 
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13.2 Outcoming sewage 
 
 
Day  Time       Day  Time       Day  Time       Day  Time 
OUT 20/04/2015 12:30 
   
23/04/2015 12:00 
   
27/04/2015 12:20 
   
30/04/2015 12:20 
CODtot 276 273 
   
284 283 
   
194 197 
   
162 168 
  273 
    
279 
    
247 
    
176 
   259 
    
283 
    
197 
    
168 
 CODsol 243 243 
   
273 280 
   
228 197 
   
145 132 
  242 
    
280 
    
197 
    
124 
 
  257 
    
286 
    
197 
    
132 
 TSS 0,0067 0,0065 
   
0 0,0128 
   
0,0191 0,0183 
   
0,0163 0,0163 
  0,0027 
    
0,015 
    
0,0183 
    
0,0157 
   0,0065 
    
0,0105 
    
0,0149 
    
0,0183 
 VSS 0,0093 0,0087 
   
0 0,0143 
   
0,0177 0,0169 
   
0,0166 0,0149 
  0,0087 
    
0,016 
    
0,0169 
    
0,0149 
   0,0045 
    
0,0125 
    
0,0151 
    
0,0146 
 Sulfates (ppm) 5 
    
36,3 
    
5,3 
    
_ 
 Conductivity (mS/cm) 2,89 
    
2,51 
    
2,2 
    
2,08 
 pH 7,45 
    
7,26 
    
7,23 
    
7,24 
 Table 13-4 Test results between 20/04/2015 and 30/04/2015 for outcoming sewage 
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Day  Time       Day  Time       Day  Time 
OUT 07/05/2015 12:00 
   
11/05/2015 12:00 
   
14/05/2015 12:00 
CODtot 213 215 
   
_ _ 
   
290 315 
  215 
    
_ 
    
315 
   239 
    
_ 
    
327 
 CODsol 156 156 
   
_ _ 
   
253 253 
  172 
    
_ 
    
265 
   139 
    
_ 
    
245 
 TSS 0,0469 0,0500 
   
0,0480 0,0480 
   
0,0253 0,0273 
  0,0500 
    
0,0320 
    
0,0273 
   0,0650 
    
0,0540 
    
0,0380 
 VSS 0,0362 0,0362 
   
0,0500 0,0480 
   
0,0200 0,0273 
  0,0350 
    
0,0400 
    
0,0273 
   0,0370 
    
0,0480 
    
0,0353 
 Sulfates (ppm) _ 
    
0,7 
    
7 
 Conductivity (mS/cm) 2,61 
    
2,75 
    
2,47 
 pH 6,8 
    
6,94 
    
7,06 
 Table 13-5 Test results between 07/05/2015 and 14/05/2015 for outcoming sewage 
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Day 20/04/2015 # Filter Starting weight(g) Filtered volume(mL) Dry weight(g) Ignited weight(g) 
    4 0,127 150 0,128 0,1266 
    5 0,1262 150 0,1266 0,1253 
    6 0,1235 200 0,1248 0,1239 
Day 23/04/2015 12 0,1373 200 0,1403 0,1371 
    13 0,1295 200 0,1316 0,1291 
Day 27/04/2015 4 0,1315 350 0,1382 0,132 
    5 0,1344 350 0,1408 0,1349 
    6 0,1299 350 0,1351 0,1298 
Day 30/04/2015 10 0,1278 350 0,1335 0,1277 
    11 0,1344 350 0,1399 0,1347 
    12_13 0,1282 350 0,1346 0,1295 
Day 07/05/2015 4 0,134 130 0,1401 0,1354 
    5 0,133 100 0,138 0,1345 
    6 0,1456 100 0,1521 0,1484 
Day 11/05/2015 10 0,1521 50 0,1545 0,152 
    11 0,1329 50 0,1345 0,1325 
    12 0,1352 50 0,1379 0,1355 
Day 14/05/2015 ·4· 0,1302 150 0,134 0,131 
    ·5· 0,1458 150 0,1499 0,1458 
    ·6· 0,1504 150 0,1561 0,1508 
Table 13-6 Solid tests intermediate calculations for outcoming sewage between 20/04/2015 and 14/05/2015 
 
14 Annex III: Proposed relations between cell reads and wastewater 
parameters 
14.1 COD 
 
 
Figure 14-1 Incoming sewage COD total and soluble related with voltage 
 
 
Figure 14-2 Outcoming sewage COD total and soluble related with voltage 
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Schedule CODtot IN CODsol IN Voltage 
(mV) 
20/04/2015 17:55 784 499 351 
23/04/2015 17:55 384 228 413 
27/04/2015 17:55 334 161 426 
30/04/2015 17:55 416 208 419 
07/05/2015 17:55 348 170 413 
14/05/2015 17:55 481 206 441 
Table 14-1 Incoming sewage COD total and soluble and measured voltage 
 
Schedule CODtot 
OUT 
CODsol 
OUT 
Voltage(mV) 
20/04/2015 17:55 273 243 73 
23/04/2015 17:55 283 280 143 
27/04/2015 17:55 197 197 177 
30/04/2015 17:55 168 132 203 
07/05/2015 17:55 215 156 189 
14/05/2015 17:55 315 253 462 
Table 14-2 Outcoming sewage COD total and soluble and measured voltage 
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14.2 TSS, VSS 
 
Figure 14-3 TSS and VSS of incoming and outcoming sewage related with voltage 
 
Schedule TSS IN 
(g/L) 
VSS IN 
(g/L) 
Voltage(mV) 
20/04/2015 17:55 0,236 0,129 351 
23/04/2015 17:55 0,185 0,135 413 
27/04/2015 17:55 0,154 0,112 426 
30/04/2015 17:55 0,124 0,058 419 
07/05/2015 17:55 0,144 0,118 413 
11/05/2015 17:55 0,154 0,12 394 
14/05/2015 17:55 0,322 0,21 441 
Table 14-3 Incoming sewage TSS and VSS data results with the measured voltage 
 
Schedule TSS OUT 
(g/L) 
VSS OUT 
(g/L) 
Voltage (mV) 
20/04/2015 17:55 0,0065 0,0087 73 
23/04/2015 17:55 0,0128 0,0143 143 
27/04/2015 17:55 0,0183 0,0169 177 
30/04/2015 17:55 0,0163 0,0149 203 
07/05/2015 17:55 0,05 0,0362 189 
11/05/2015 17:55 0,048 0,048 387 
14/05/2015 17:55 0,0273 0,0273 462 
Table 14-4 Outcoming sewage TSS and VSS data results with the measured voltage 
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14.3 Sulfates 
 
Figure 14-4 Incoming and outcoming sewage sulfates concentration related with voltage 
 
Schedule Sulfates IN Voltage 
20/04/2015 77 351 
23/04/2015 86,8 413 
27/04/2015 77,3 426 
11/05/2015 59,5 394 
14/05/2015 74 441 
Table 14-5 Incoming sewage sulfates concentration and measured voltage 
 
Schedule Sulfates OUT Voltage 
20/04/2015 5 73 
23/04/2015 36,3 143 
27/04/2015 5,3 177 
11/05/2015 0,7 387 
14/05/2015 7 462 
Table 14-6 Outcoming sewage sulfates concentration and measured voltage 
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14.4 Conductivity 
 
 
Figure 14-5 Incoming and outcoming sewage conductivity related with voltage 
 
Schedule Conductivity IN(mS/cm) Voltage (mV) 
20/04/2015 17:55 2,27 351 
23/04/2015 17:55 3,08 413 
27/04/2015 17:55 2,6 426 
30/04/2015 17:55 2,45 419 
07/05/2015 17:55 1,9 413 
11/05/2015 17:55 2,52 394 
14/05/2015 17:55 2,19 441 
Table 14-7 Incoming sewage conductivity and measured voltage 
 
Schedule Conductivity  OUT(mS/cm) Voltage(mV) 
20/04/2015 17:55 2,89 73 
23/04/2015 17:55 2,51 143 
27/04/2015 17:55 2,2 177 
30/04/2015 17:55 2,08 203 
07/05/2015 17:55 2,61 189 
11/05/2015 17:55 2,75 387 
14/05/2015 17:55 2,47 462 
Table 14-8 Outcoming sewage conductivity and measured voltage 
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14.5 pH 
 
 
Figure 14-6 Incoming and outcoming sewage pH related with voltage 
 
Schedule pH Voltage 
(mV) 
20/04/2015 17:55 7,25 351 
23/04/2015 17:55 7,58 413 
27/04/2015 17:55 7,39 426 
30/04/2015 17:55 7,7 419 
07/05/2015 17:55 7,44 413 
11/05/2015 17:55 7,17 394 
14/05/2015 17:55 7,35 441 
Table 14-9 Incoming sewage pH and measured voltage 
 
Schedule pH Voltage 
(mV) 
20/04/2015 17:55 7,45 73 
23/04/2015 17:55 7,26 143 
27/04/2015 17:55 7,23 177 
30/04/2015 17:55 7,24 203 
07/05/2015 17:55 6,8 189 
11/05/2015 17:55 6,94 387 
14/05/2015 17:55 7,06 462 
Table 14-10 Outcoming sewage pH and measured voltage 
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14.6 Proposed indirect relation between results 
 
 
Figure 14-7 Relation between efficiency of the treatment in terms of COD against quotient of voltages registered in the 
incoming and outcoming cells 
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15 Annex IV: Weekly logs of voltage reads 
 
 
Figure 15-1 1st week log for the four cells 
 
 
Figure 15-2 2nd week log for the four cells 
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Figure 15-3 3rd week log for the four cells 
 
 
 
Figure 15-4 4th week log for the four cells 
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Figure 15-5 5th week log for the four cells 
 
 
 
Figure 15-6 6th week log for the four cells 
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Figure 15-7 7th week log for the four cells 
 
 
 
Figure 15-8 8th week log for the four cells 
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Figure 15-9 9th week log for the four cells 
  
66 
 
16 Annex V: Programming the datalogger 
 
Although this electronic device is capable of running automatically, before that it must be 
programmed in order to assign which channels and with variable must be controlled. 
 The software used will be the one that is provided by the manufacturer, which is called DeLogger 
and comes in a CD. It is worth to say that the installation didn’t work successfully with the newest 
operative systems. But installing it in compatibility mode associated with previous versions of Windows 
will work like a charm. 
 
Figure 16-1 Tabs of every project 
 
 This software works around the creation of a project file, once done it, then the programming is 
carried out in the Prog1.dlp tab. It is done by a graphical interface, so in every moment the relation 
between software and hardware is very tangible. Each channel is analogue and measures by differential 
wiring.  Is in this step where it can also be set the data gathering time period. 
 
Figure 16-2 Screenshot of DeLogger software 
 
Graphical interface of the 
program for data gathering. 
Four dedicated channels and 
schedule time of 5 minutes. 
This  part is the log. It gives valuable 
information about connection with the device. 
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 At this point, a manual connection to the device has to be selected. This old software only works 
with COM1 and COM2 ports, so it is highly recommended to check the administrator of devices on 
Windows in order to know if the assigned COM channel to the USB to RS232 is among first and 
second ones. The first time before letting the datalogger acquire data, the lines of the program must 
be send to it. A confirmation message will be showed after sending it and in another tab of the 
project called Form the real-time reads start to be showed.  
' s5xx  
' this command file was compiled by deLogger for dataTaker 5xx series 
' stage 1 - reset actions 
H 
CLEAR 
\W1 
RESET 
\W4 
/e 
' stage 2 - switches, parameters 
/H 
/e /R 
/S 
P14=600 P17=120 P26=30 
99CV(W)=98989 
P30=0 
P36=0 
' stage 3 - Date, Time 
D=\d 
T=\t 
' stage 4 - start of job 
' stage 5 - user entered commands 
' stage 6 - immediate schedule initialisation 
$="Prog1" 
' stage 7 - schedule list 
BEGIN 
   RA5M HA 
1V("IN1") 
2V("IN2") 
3V("OUT1") 
4V("OUT2") 
5V("MV") 
END 
' stage 8 - logging options 
/O 
LOGON 
' stage 9 - post schedule options 
' stage 10 - run commands 
G 
/q 
Figure 16-3 Code of the datalogger program send to the device 
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Even though DeLogger comes with a manager of spreadsheets and fast chart data viewer, both 
options do not have many options or even possibility of exportation. Hence, from the very beginning all 
the data will be analyzed with a spreadsheet dedicated application such as Microsoft Excel 2013. 
  
 
Figure 16-4 Look of the spreadsheet obtained after a data unloading. 
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17 Annex VI: Cells troubleshooting and solutions 
 
During the period between 13th and 23th of March, the system run punctually and was controlled by 
human supervision. The reason was to find possible trouble and correct some design errors of the 
assembly. Here will be presented a list of them and how were they solved: 
 
17.1 Leak in the unions between PVC tubing and caps 
 
Even though the manipulation of the material (the cut with saw and the stuck with PVC designed 
glue) was done as much accurately as possible, once the cells were tested by fulfilling them with clean 
water, one leak by average was detected in each cell. This was solved by the use of FiberFix product by 
Fischer manufacturer, which is a set of fibers and resin that promises a strong resistance after the 
endurance of it. It solved effectively the problem. 
 
 
 
 
Figure 17-1 Detail of the FiberFix product applied to fix the leaks of the bottom union of the cell
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17.2 Diameter insufficiency of the water exit system 
 
 The design of the cells contains a tube at the top part of the anode, and with the configuration 
explained in the Construction section, after controlling the level of the water table, the emptying of the 
wastewater must be guaranteed. In that way we can assure the renovation of the wastewater inside the 
cell and also to avoid the damaging of the electrical and logging systems. The solution bearing in mind 
that the holes in the anode part were already done, was to increase from 5mm (PVC Crystal) to 7mm 
(Silicon) the diameter of the exit tube. The material of this element was also improved in order to win 
flexibility, which at the ends helps to keep all the configuration in order inside the box. 
 
17.3 Difficulty of the wastewater in the collector tube to start flowing 
 
There is a curious fact that has been observed. While increasing the diameter of the exit tube from 
the cathode seemed to improve to overall running of the cells, avoiding the risk of inundation of the box, 
there was still something to deal with. When those collector pipes (each of it carries the outgoing 
wastewater of two cells) were used for the first time, then it seemed to do its task smooth. It was not 
until the next replenish of the cells that then the problems of emptying that wastewater started. The 
piezometric level on the cathode was going up dramatically, close to produce an overflow. The level was 
higher than the height of the T tube that is responsible of the emptying, hence that over accumulation of 
water wasn’t producing enough hydrostatic pressure to overcome this opposition.  
 
Ideally if the box of the experiment could have been located to a higher point, different easy and 
effective solutions could have been done taking advantage of this potential energy. Also, the best choice 
seems to use high diameter PVC pipes (~φ 5cm) as collectors, because they don’t have the problem 
observed with the PVC flexible clear tube. That is air bubbles are alternated with water bubbles along this 
tube, which acts as a blockage, or a difficulty for the water on the cathode that must be emptied.  
 
Finally, a change in the T tube piece used for collecting the water of the two cells in just one greater 
tube was done. Initially, it has a shape of right angle of the incoming flow respect to the outgoing one. But 
that produced interferences to the exit system of the other cell. Finally, another T with a better shape was 
found on the store and since now, the water exiting from one cell has no effect on the other, even if they 
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are not being emptied simultaneously. Moreover, a better placing of this tube along floor was taken in 
consideration, with the aim of assure a constant head loss from the cathode to the drain.  
 
Figure 17-2 Change in T tube pieces shape, the one in the right side is the current 
 
17.4 Read close to zero 
 
During the first days of running the experiment, while both replicas were being filled and emptied 
at the same time, the reads were not that similar.  If in one of it the software used for communicate with 
the datalogger showed a voltage of ~150mV, in the other it was constantly around 0.01mV.  The solution 
was to check the connections between wires, as the joint of two wires was found disconnected.  
For this reason it is so useful to have all the channels identified by colors, so a strange read in the 
software, automatically can be followed through the datalogger channels and finally identify which one is 
failing.  
17.5 Reads of the spreadsheet file in the wrong format 
Problem was caused by the usage of incorrect drivers for the RS-232 to USB converter serial port 
Figure 17-3 Cells wrong formatted on the data log spreadsheet 
 
Inconsistence of this 
value, bearing in 
mind that the result 
is expressed in mV 
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17.6 Notable dispersion on the reads 
 
 After the experiment was stopped during a week and began again, the MFC had a different 
behavior they used to. It seemed to be some kind of electrical noise as the reads looked as the one in the 
figure below: 
 
Figure 17-4 Strange dispersion on the "Out" MFC replicas reads 
 
 This issue was approached from different points, and some hypothesis were made in order to 
understand what was happening. The most plausible one seemed to be an issue with the wire 
connections. At the first sight, the end of most of the copper wires became darker. Some research gave 
an explanation of this phenomena(Kim et al. 2005). 
 The high moisture content inside the box, as well as the temperature due to the datalogger 
working all the time and all the other electrical installation located within, can perfectly explain that 
change in the color according to the previous publication. There must be some relation between this fact 
and the oscillations occurred with the voltage.  
 
Figure 17-5 Dark ending of one of the cooper wires in the system 
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 Finally, all the connections between every MFC and datalogger were made again. They were 
improved compared to the ones existing, minimizing the area exposed to the air. In the plot it is 
represented the two replicas that control the water after the wetlands treatment. The upper curve is the 
voltage variation of a cell repaired a day before the showed time period of this plot. Before that, the 
behavior it was like the one in the bottom, in green color. At the last third of the horizontal axis, it can be 
already seen the effect it had a remake of the electrical connections. From the same moment the voltage 
gets stabilized, which will allow to progress with the investigations and to find out possible relations 
between voltage and different wastewater parameters. 
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18 Annex VII: Health and security 
 
 Since the construction of the cells and laboratory tests, some important rules had to be followed. 
These are mainly divided into three places, depending on where and when must be followed. 
 
 
 
 
